Implantation of a dorsal skinfold window chamber (DSWC) in rodents enables microscopic observation of living tissue, such as that of a tumor model. A major advantage of the technique is the ability to track dynamic changes of the tumor and its microenvironment over a period of 2--3 wk.[@R1] Given the ability to track changes over time, the DSWC model has been used to monitor stages of tumor-stromal interaction,[@R2]^,^[@R3] tumor-induced angiogenesis[@R4]^,^[@R5] and tumor response to treatments such as vascular-targeting agents,[@R6]^-^[@R8] nanoparticles,[@R9]^,^[@R10] and radiation therapy.[@R11]^,^[@R12] The DSWC model is particularly well suited for studies of vascular network, since it enables examination of vascular function and structure with sufficient resolution when combined with fluorescence microscopy.[@R13]

To prepare the DSWC mouse model for studying tumors and their vasculature, fluorescent tumor cells are typically implanted under the glass of the chambers at the time of the window installation[@R14] or after a recovery period of 48 h.[@R4] However, a large number of tumor cells (10^6^ to 10^7^) must be injected to ensure tumor growth; moreover, the tumor cells may fail to grow and undergo apoptosis in some cases.[@R15] To avoid tumor regression, it is recommended to house the mice in an environmental chamber with elevated temperature and humidity (34 °C, 50% humidity) to ensure tumor growth.[@R14] However, 34 °C is beyond the optimal temperature of 20--22 °C for group-housed mice and may negatively impact homeostasis.[@R16]

Here, we investigated an alternative approach to promote the growth of tumor cells that may otherwise undergo spontaneous regression when implanted directly into the DSWC model. A human pancreatic cancer cell line, BxPC-3, was chosen for this study because it has a long tumor growth latency period after subcutaneous injection.[@R17] Furthermore, using the optimized method of tumor inoculation in the DSWC model, we characterized the structure and function of tumor-associated vasculature and normal vasculature, as a demonstration of a reproducible and quantitative method for vasculature analysis.

DsRed fluorescent BxPC-3 human pancreatic cancer cells (Anticancer Inc.) were grown at 37 °C and 5% CO~2~ in RPMI 1640 medium supplemented with 2 mM L-glutamine, 10% fetal bovine serum and 1% Penicillin Streptomycin (GIBCO BRL). DsRed-BxPC-3 cells, prepared in 1:1 PBS:Matrigel (BD Biosciences) solution, were injected into eight-week old NOD-Rag1 IL2rg mice (kindly provided by Dr. Richard Hill, Ontario Cancer Institute) as follows: 500 000 cells at the time of DSWC installation, or 100 000 cells subcutaneously into the dorsal skin. In the latter method, the DSWC surgery was performed 10 d after the tumor injection when the tumors became palpable. Non-tumor-bearing mice were also prepared as a normal control group. Window chambers were surgically implanted into the dorsal skinfold of anesthetized mice using established methods.[@R14] All animal procedures were conducted in accordance with appropriate regulatory standards under protocol \#2407 approved by the University Health Network Institutional Animal Care and Use Committee.

Following a recovery period of 3--5 d post-DSWC installation, mice were imaged using a stereomicroscope (MZ FLIII, Leica Microsystems) and confocal fluorescence microscope (LS510 Meta, Carl Zeiss). A 4× objective lens was used for the confocal imaging, which resulted in an optical thickness of 520 μm for each image. 2MDa FITC-Dextran (FD2000S, Sigma-Aldrich) was injected into the tail vein prior to each imaging session to identify functional vasculature using the confocal fluorescence microscope. Each mouse was imaged serially for up to 26 d following the DSWC surgery. A custom mouse restrainer with heating element was used during imaging to prevent motion artifacts and maintain physiological temperature of the mice.[@R12]

Fluorescence images were processed and analyzed using ImageJ and MATLAB. Tumor fluorescence intensity was measured based on the images acquired using the stereomicroscope. Specifically, the images were processed in MATLAB, displayed in an alternative color-map, and the sum of all pixel intensities was calculated. To obtain measurements of functional vessel density from the confocal fluorescence images of the vascular network, the raw fluorescence images were binarized using a MATLAB implementation of Otsu's method[@R18]. The binarized images were then analyzed to calculate % pixel count within a defined region of interest (ROI), as a measure of functional vessel density. The confocal fluorescence images were processed separately for skeletonization using a smoothing algorithm in ImageJ, followed by a skeletonization algorithm (AnalyzeSkeleton plugin for ImageJ[@R19]), which calculates the number of branches, number of junctions, length of each branch and the straight-line distance between the end points of each branch (Euclidian distance). Based on these measurements, total branch length and tortuosity (calculated as branch length/Euclidean distance) were measured for all the branches within the ROI. The size of the ROI was kept consistent for all images (1.5 mm × 1.5 mm). Data are represented as mean ± SEM and Student's two- sample *t* test was used to determine significance.

To examine the kinetics of tumor growth in the DSWC, tumor fluorescence was measured over the course of 2--3 wk following the DSWC surgery. DsRed fluorescent BxPC-3 tumors were approximately 3 mm in diameter at the time of imaging for both injection methods ([Fig. 1A--D](#F1){ref-type="fig"}). As seen in [Figure 1E](#F1){ref-type="fig"}, the BxPC-3 cells that were injected at the time of window chamber surgery regressed spontaneously over the course of 26 d, reaching approximately half of the fluorescence intensity at the endpoint. In comparison, tumors that were grown subcutaneously prior to the window chamber surgery grew steadily ([Fig. 1F](#F1){ref-type="fig"}), reaching almost three times the original tumor fluorescence intensity. The latter method was determined to be optimal based on the growth curve, and was used for the following studies.

![**Figure 1.** (**A**) Tumor implantation protocol, in which DsRed fluorescent BxPC-3 cells were injected at the time of the DSWC surgery, and (**B**) corresponding change in tumor fluorescence over time, at 7, 14, 19, and 26 d after tumor implantation. Scale bar = 2 mm. (**C**) Optimized tumor implantation protocol, in which tumor cells were implanted subcutaneously prior to the DSWC surgery, and (**D**) corresponding change in tumor fluorescence over time, at 16, 22, 25, and 29 d after tumor implantation. Scale bar = 2 mm. (**E**) Quantified tumor fluorescence intensity for tumors that were implanted at the time of DSWC surgery (n = 3). (**F**) Quantified fluorescence intensity for tumors that were implanted 10 d prior to the DSWC surgery (n = 5). The values in (**E**) and (**F**) were normalized to the first day of imaging and expressed as fold changes. Error bars = SEM.](kinv-03-01-10927935-g001){#F1}

Confocal fluorescence microscopy was used to image perfused vasculature in non-tumor-bearing (normal) and tumor-bearing mice, using FITC-Dextran as a contrast agent ([Fig. 2A and B](#F2){ref-type="fig"}). The raw fluorescence images were segmented into binary images for quantification of functional vessel area, and skeletonized for quantification of branch length and tortuosity ([Fig. 2C and D](#F2){ref-type="fig"}). The ROI in the tumor-bearing mice was chosen within the DsRed fluorescent BxPC-3 tumor to characterize tumor-associated vasculature, and the ROI of the same size was used for quantification of the normal vasculature.

![**Figure 2.** (**A**) Representative fluorescence image of the normal vasculature 21 d after the DSWC surgery. (**B**) Representative fluorescence image of the tumor-associated vasculature 21 d after the DSWC surgery. The vasculature was visualized by FITC-Dextran (green), and the DsRed-BxPC-3 tumor is shown in red. Scale bar = 500 μm. (**C**) Magnified images of the area highlighted in yellow for the normal vasculature. The raw fluorescence image (right) was used to quantify functional vessel area, and the skeletonized image (left) was used to quantify branch length and tortuosity. Scale bar = 500 μm. (**D**) Magnified images of the area highlighted in yellow for the tumor vasculature. The raw fluorescence image (right) was used to quantify functional vessel area, and the skeletonized image (left) was used to quantify branch length and tortuosity. Scale bar = 500 μm.](kinv-03-01-10927935-g002){#F2}

Within the ROI of the same size, functional vessel area was significantly higher in the normal mice compared with tumor-bearing mice at each time point, reflecting the extent of perfusion in the ROI ([Fig. 3A](#F3){ref-type="fig"}). The difference was most significant at 21 d following the window chamber installation, with more than an 8-fold difference between normal and tumor-associated vasculature. Of note, the functional vessel area takes into consideration the diameter of each vessel; thus, any changes in the functional vessel area can be due to the differences in the number of vessels as well as in the thickness of each vessel within the ROI.

![**Figure 3.** (**A**) Functional vessel area calculated based on binarized fluorescence images for normal (n = 5) and tumor (n = 4) vasculature. The values were calculated as % area within the ROI that is filled with the fluorescence signal. \*: *P* \< 0.05, \*\*: *P* \< 0.01. Error bars = SEM (**B**) Total branch length calculated based on the skeletonized images of the vasculature for normal (n = 5) and tumor (n = 4) vasculature. \**P* \< 0.05. Error bars = SEM.](kinv-03-01-10927935-g003){#F3}

In order to further analyze vasculature, the raw data was processed using a smoothing algorithm to remove noise, and further skeletonized. The skeletonization algorithm enabled analysis of branch length, which is a measure of vascularity, independent of the diameter of each vessel. The calculated total branch length of the normal vasculature was significantly higher than that of the tumor at 7 d following the window chamber installation, with an over 2-fold difference ([Fig. 3B](#F3){ref-type="fig"}). Moreover, there was a trend of increasing branch length in the tumor over the course of two weeks, which may indicate tumor-induced angiogenesis.

The skeletonized images described above were also used to calculate vascular tortuosity. Vascular tortuosity of the tumors is expected to be higher than that of the control,[@R20] and is of particular importance because it may indicate malignant disease[@R21]^,^[@R22] and treatment response.[@R23] The minimum value of tortuosity is 1, which represents a straight line. As seen in [Figure 4A](#F4){ref-type="fig"}, the average tortuosity of the tumor-associated vasculature was higher than that of the normal, with the most significant difference seen at 21 d following the DSWC surgery. Over 75% of the normal vasculature fell within the tortuosity range of 1.05--1.15 with an average of 1.14--1.15, while the tortuosity of tumor-associated vasculature ranged widely between 1.1--1.25 ([Fig. 4B and C](#F4){ref-type="fig"}). Furthermore, there was a steady increase in the average tortuosity of the tumor-associated vasculature from 1.18 to 1.23 at days 7 and 21, respectively, but not of the normal vasculature. This trend can also be seen by the frequency histogram, which shows a general shift toward higher tortuosity in the tumor-associated vasculature between days 7 and 21, while that of the normal vasculature remains similar.

![**Figure 4.** (**A**) Average tortuosity of normal (n = 5) and tumor (n = 4) vasculature. Frequency histogram between tortuosity value of 1.05 and 1.3 measured at (**B**) day 7 and (**C**) day 21 following the DSWC surgery for normal (white bars) and tumor (black bars) vasculature. The number of branches that fall within a particular bin for tortuosity value is expressed as a % of the total number of branches. \**P* \< 0.05. Error bars = SEM.](kinv-03-01-10927935-g004){#F4}

As multiple applications of the DSWC tumor model emerge, there is a need to optimize the technique to recapitulate the tumor biology of a traditional xenograft model. This is particularly important for tumors, such as those derived from the human pancreatic BxPC-3 cell line, which do not grow in the DSWC as they would in the subcutaneous xenograft model. This could be due to reduced temperature within the DSWC as it suspends the skin away from the body such that the skin is not maintained at normal body temperature.[@R24] Given such limitations, it is common to house the animals in warm conditions, or implant tumor fragments to achieve better tumor growth.[@R25] However, the latter technique, which is commonly used in rats, may be technically challenging in mice due to the small DSWC size. We investigated an alternative approach to promote tumor growth in the DSWC model and demonstrated that injecting the tumor cells subcutaneously prior to the window chamber surgery enabled BxPC-3 tumor growth over the course of three weeks. This modified technique is technically less complex than implanting tumor fragments into a small field of the DSWC, and thus recommended as an optimal approach for slow-growing tumors that may be of interest for studying particular therapies or tumors and/or their microenvironment.

Moreover, we demonstrated that simple algorithms can be applied to measure multiple parameters that are relevant to the structure and function of the vascular network. Although a similar quantification method has been previously described,[@R26] we utilized a skeletonization method to facilitate analysis of the vascular networks. The vascular features described here, which are measures of perfusion, vascularity and tortuosity, have implications for tumor biology and treatment response. For example, treatment of tumors with vascular targeting drugs such as anti-VEGF agent results in decreased tortuosity, vessel length and density, leading to "vascular normalization," an indication of improved tumor metabolism and drug delivery.[@R23] Our data showed that the vascular network in the optimized tumor model was significantly different than that of the control. Specifically, the tumor area was not as well-perfused or vascularized compared with a normal area of the same size, and the tumor-associated vasculature was more tortuous than the normal vasculature. Interestingly, our data also demonstrated that vessel length and tortuosity increased as tumors grew, which may be an indication of tumor-induced angiogenesis. In fact, this observation is in agreement with a review of commonly used pancreatic cancer cell lines, in which BxPC-3 cells were shown to have high angiogenic potential compared with other pancreatic cancer cell lines.[@R17] To better distinguish true branching from overlapping vessels in a two-dimensional image, 3D imaging and image reconstruction methods may be used in the future.[@R27] The image quantification method can also be applied in various orthotopic intravital models, such as an orthotopic pancreatic or abdominal window chamber models.[@R28]

A growing number of laboratories utilize the DSWC model for studies of tumor and vascular biology. The methods described here address an issue associated with the standard protocol for intravital imaging, provides an alternative approach to optimize the model, and provides a method to quantitatively analyze tumors and their vascular network, all aimed to help address therapeutically relevant questions.
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